Leishmania is a protozoan parasite that causes serious morbidity and mortality in humans worldwide. The ability of these parasites to survive within the phagolysosomes of mammalian macrophages is dependent on the developmental regulation of a variety of genes. Identifying genomic sequences that are preferentially expressed during the parasite's intracellular growth would provide new insights about the mechanisms controlling stage-specific gene regulation for intracellular development of the parasite. Using a genomic library that differentially hybridized to probes made from total RNA from Leishmania infantum amastigote or promastigote life cycle stages, we identified a new class of noncoding RNAs (ncRNAs) ranging from ϳ300 to 600 nucleotides in size that are expressed specifically in the intracellular amastigote stage. These ncRNAs are transcribed by RNA polymerase II from genomic clusters of tandem head-to-tail repeats, which are mainly located within subtelomeric regions. Remarkably, both the sense and antisense orientations of these ncRNAs are transcribed and are processed by trans splicing and polyadenylation. The levels of antisense transcripts are at least 10-fold lower than those of the sense transcripts and are tightly regulated. The sense and antisense ncRNAs are cytosolic as shown by fluorescence in situ hybridization studies and cosediment with a small ribonucleoprotein complex. Amastigote-specific regulation of these ncRNAs possibly occurs at the level of RNA stability. Interestingly, overexpression of these ncRNAs in promastigotes, as part of an episomal expression vector, failed to produce any transcript, which further highlights the instability of these RNAs in the promastigote stage. This is the first report describing developmentally regulated ncRNAs in protozoan parasites.
Leishmania protozoan parasites are the etiological agents of human leishmaniasis (22) . A measure of the seriousness of this parasitic disease is the two million new cases of human leishmaniasis that appear annually (22) . Infection with these parasites causes a wide spectrum of pathologies that range from self-healing cutaneous lesions to severe lethal visceral infections. Treatment of leishmaniasis cases typically involves the use of chemotherapeutics based on pentavalent antimony formulations. However, these classes of drugs are now being found to no longer be effective in some parts of the world (65) . This problem is exacerbated, since there are no effective practical vaccines against the Leishmania parasites.
Leishmania parasites are transmitted to humans through the bite of an infected sand fly vector where they exist as flagellated promastigotes. After entry into the mammalian host, the promastigotes differentiate into the nonflagellated amastigotes within the phagolysosomal compartment of macrophages. Differentiation of promastigotes into amastigotes is a critical step for the establishment of infection in macrophages. Hence, characterization of genomic sequences that are preferentially expressed during the parasite's intracellular growth may facilitate determination of the mechanisms controlling stage-specific gene regulation and the intracellular life of the parasite.
Several genes, such as the A2 gene and members of the amastin gene family, have already been reported to be specifically expressed in amastigotes of Leishmania (9, 55, 75) . However, to date, there have been no reports of noncoding genomic sequences that are expressed in a stage-specific manner during the development of Leishmania. In other eukaryotes, noncoding RNAs (ncRNAs) have been found to be differentially expressed in tissues involved in development and associated with disease states such as cancer (reviewed in references 13, 21, 38, and 47) . The sequencing of the Leishmania major Friedlin genome has been recently completed, and 911 RNA genes have been identified. This total comprises 83 tRNAs, 63 rRNAs, 63 spliced leader (SL) RNAs, 6 snRNAs, 695 snoRNAs, and a single signal recognition particle RNA (26) . The snoRNAs are a family of constitutively expressed small nucleolar RNAs that act as guides for other rRNAs destined for 2Ј-O methylation and pseudouridilation (68) . The SL RNA genes encode a 39-nucleotide (nt) miniexon that is fused to the 5Ј ends of all expressed RNAs by the process of trans splicing (1, 56, 69) . Successful completion of the trans splicing process requires the participation of the snRNAs (73) . In addition to the above ncRNAs, there is the class of the guide RNAs that are encoded by the minicircles of the mitochondrial DNA in trypanosomatids and are used as templates in the uridine insertion/ deletion RNA editing of maxicircle transcripts (61, 64) .
In this work we identified a novel class of developmentally regulated noncoding RNAs that are transcribed from Leishmania infantum genomic clusters of tandem head-to-tail repeats, mainly located within subtelomeric regions, and have no homology to other known eukaryotic noncoding RNAs. To date, stage-specific noncoding RNAs (ss ncRNAs) have not been reported in trypanosomatid protozoa. We have further characterized these novel ncRNAs with respect to their transcription, 5Ј-and 3Ј-end processing, localization within the amastigote cell, and putative ability to bind proteins. P]dCTP-labeled cDNA probes which were obtained from total RNA from L. infantum amastigotes or promastigotes. The DNA from cosmid clones of interest was obtained by phenol-chloroform extraction and ethanol precipitations under standard conditions. The 270-bp SacII genomic fragment derived from cosmid D6-46 was cloned into the pSP72 vector (Promega) in both orientations using standard conditions and sequenced. RNA transcripts were produced from the above vectors in vitro using the Maxiscript transcription kit (Ambion). Both orientations of the 270-bp SacII fragment were blunt ended and inserted into the EcoRV site of vector pSP␣NEO␣ (75) . This vector contains the neomycin phosphotransferase (NEO) selection marker, and maturation of the NEO transcript in this cassette occurs by sequences within the intergenic region of the ␣-tubulin gene (␣IR) (28) . Approximately 10-to 20-g samples of the plasmid constructs were used to transfect L. infantum cells by electroporation as described previously (48) . Transfectants were selected with 40 mg/ml G418 (Sigma). Transfected cells were plated on SDM-79 (2ϫ) medium with 1.5% agar and 0.01 mg/ml of G418 (Sigma), and individual clones were obtained after 2 to 3 weeks. The sites for the addition of the miniexon and polyadenylation signals in the amastigote-specific ncRNAs were determined by cloning and sequencing of reverse transcriptase PCR (RT-PCR) products. A cDNA source that was expected to represent all poly(A) ϩ RNAs was synthesized from 5 g of RNA by using an oligo(dT) 18 primer and SuperScript II reverse transcriptase (Invitrogen). A 2-l aliquot of cDNA was used as the template in PCR amplification reaction mixtures that contained the following pairs of oligonucleotides: 5Ј-TTCCTCTCCCTCACTCCATCGGT-3Ј (see Fig. 5A ) and oligo(dT) (5Ј-GGGCGCCTTTTTTTTTTTTT-3Ј) and an oligonucleotide recognizing part of the 39-nt miniexon sequence (5Ј-AACTAACGCTATATAAGTA TC-3Ј) and the complementary ss ncRNA oligonucleotide (5Ј-GGGAGATGAGA GAACGAATGGG-3Ј) (see Fig. 5A ). PCR products were blunt end cloned into a TA vector (Invitrogen) and sequenced. The oligonucleotide 5Ј-GGGAGATGAGA GAACGAATG-3Ј (see Fig. 8C ) was used with the primer oligo(dT) in PCR amplification of cDNAs in order to identify the presence of polyadenylated antisense ss ncRNAs in S150 fractions.
Flow cytometry. After 4 and 7 days of axenic culture, amastigotes were stained with 0.1% propidium iodide (Coulter Immunology, Hialeah, FL) for 5 min at room temperature. A minimum of 10 5 amastigotes were analyzed immediately on a cytofluorometer (EPICS Elite ESP; Coulter Electronics) and analyzed with WinMDI.
Nuclear run-on and RNA stability assays. Axenically cultured L. infantum parasites were used for the nuclear run-on experiments and RNA stability assays. Fresh nuclei from promastigotes in exponential phase and amastigotes that were obtained after 7 days of differentiation under axenic conditions of growth were isolated, and nascent transcription was performed as described previously (51) . For the nuclear run-on experiments, nuclei were obtained from the same promastigotes which were left untreated or incubated with 20, 50, and 200 g/ml ␣-amanitin. Hybridization of these different samples of nuclei were undertaken with the following blotted double-stranded DNA templates: ss ncRNA, ␣-tubulin, 18S rRNA, 5S rRNA, and the empty vector. The phosphor autoradiography for each band after hybridization was quantitated with the Typhoon 9200 phosphorimager (GE Healthcare). Experiments assessing the stability of the stagespecific ncRNAs used amastigotes that had been differentiating for 7 days. Actinomycin D (Sigma) at 10 g/ml was added to these amastigotes. Aliquots of this amastigote culture were removed after the addition of this inhibitor of transcription (1, 3, and 5 h after its addition) so that RNA could be extracted from these parasites.
FISH. In vitro-transcribed sense and antisense stage-specific ncRNA sequences were generated by standard protocols and labeled with fluorescein isothiocyanate Alexa Fluor 488-5-UTP (Molecular Probes) by following the manufacturer's instructions. The Alexa Fluor 488-5-UTP-labeled RNA probes were purified with an RNeasy kit (QIAGEN) and quantified by standard agarose gel electrophoresis. The probes were stored at Ϫ80°C before use in fluorescence in situ hybridization (FISH). The protocol used for FISH was similar to the method of Zeiner et al. (78) ; their method was used with some modifications which are shown here. A total of 1 ϫ 10 8 promastigotes or amastigotes that had been differentiating for 6 to 7 days were washed twice in 1ϫ phosphate-buffered saline and fixed in 1 ml of fixation buffer (4% electron microscopy-grade formaldehyde [Sigma] and 5% acetic acid in 1ϫ phosphate-buffered saline) for 20 min at room temperature. Formaldehyde traces were eliminated by three washes with 5 ml of 70% ethanol, and the pellet of cells was resuspended in 1 ml of 70% ethanol. Ten microliters of this suspension containing 1 ϫ 10 6 parasites was spotted onto a microscope slide, dried at room temperature for 10 min, and incubated at 80°C for 10 min. Before hybridization with the RNA probes, the slides were treated twice in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for 5 min each time and then treated twice in 40% formamide-2ϫ SSC solution for 5 min each time. Ten nanograms of Alexa Fluor 488-5-UTP-labeled RNA in a volume of 10 l was mixed with 4 l of a 5-mg/ml 1:1 solution of denatured salmon sperm DNA (Ambion) and Escherichia coli tRNA (Sigma), lyophilized, and resuspended in 12 l of 80% formamide-10 mM sodium phosphate (pH 7.0) solution. The 12-l solution of probes was incubated at 95°C for 3 min and mixed with a 12-l solution containing 4ϫ SSC, 4 g/l RNase-free bovine serum albumin (Sigma), and 50 U of RNAGuard RNase inhibitor (Amersham). This mixture was dropped immediately onto the fixed cells, and the slide was preheated at 72°C for 5 min. The slides were incubated at 37°C overnight in a humidity chamber. Unbound probe on the slide was removed by a series of washes as follows: once in 30 ml of 50% formamide-2ϫ SSC solution at 50°C for 15 min, once in 2ϫ SSC at room temperature, and twice in 1ϫ SSC at room temperature for 15 min each wash. Finally, nuclei were counterstained with 1 ng/ml 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (Sigma) according to the manufacturer's instructions. A 10-l volume of immuno-fluor mounting medium (ICN Biomedical) was dropped onto each slide in order to preserve the fluorescence for a longer period of time. Fluorescence was visualized with a Nikon C80i microscope that was equipped with a CF160 Plan-Fluor 100ϫ/0.5-1.3 (numerical aperture) oil iris objective and the following filter sets: for DAPI, excitation wavelength, 340 to 380 nm; dichromatic mirror (DM), 400 nm; barrier filter (BA), 435 to 485 nm; for FITC, 468 to 495 nm; DM, 505 nm; BA, 515 to 555 nm. Images were obtained with a cooled mono 12-bit Retiga Exi Fast charge-coupled device camera (Quantitative Imaging Corporation) which was coupled with Qcapture version 2.68.6 software (Quantitative Imaging Corporation). Color images were produced with Adobe version 6.0 software.
Sucrose gradient analysis. The S150 fractionation protocol was used with extracts obtained from approximately 2 ϫ 10 10 to 3 ϫ 10 10 L. infantum amastigotes as described previously (41) . The S150 extracts were left untreated or treated with 20 l of proteinase K (20 mg/ml) for 1 h at 37°C in order to dissociate the RNA-protein complexes before being layered on the gradient. Untreated and treated Leishmania S150 fractionated extracts were pelleted by centrifugation at 12,000 rpm for 15 min at 4°C, and the supernatant (40 OD 260 [optical density at 260 nm] units) was layered on top of a 10% to 30% linear sucrose gradient (10 ml) in gradient buffer (50 mM Tris-HCl, pH 7.4, 50 mM KCl, 10 mM MgCl 2 , 1 mM dithiothreitol, 3 U/ml RNAGuard). The gradient was made with the gradient maker (catalog no. GM-100; CBS Scientific Co.). After centrifugation, approximately 35 to 36 0.3-ml fractions were collected at 4°C using an ISCO density gradient fractionation system under constant monitoring of absorption at 254 nm. RNA was extracted from each fraction by phenolchloroform, followed by ethanol precipitation, and analyzed by Northern blot hybridization.
Real-time PCR studies. Real-time RT-PCR studies were undertaken with the same RNA isolated from the gradient fractions. An aliquot representing 5% of the RNA in each sucrose gradient fraction was converted to cDNA by incubation at 42°C for 50 min with 50 U SuperScript reverse transcriptase (Invitrogen) and a gene-specific primer 5Ј-TTC CTC TCC CTC ACT CCC TTC GGT-3Ј for the sense strand and 5Ј-ATG GGA GTA GAT GTA AAA GAC GAG GGC GAA AGA AAG-3Ј for the antisense strand. The cDNA was used to perform fluorescence-based real-time PCR quantification using the Rotor-gene (Corbett; MBI). The SYBR green dye diluted 1/10,000 (catalog no. S7563; Molecular Probe) was used in the PCRs as described by the manufacturer. The thermal cycling protocol was as follows: 5 min at 95°C for the initial denaturation and then 35 cycles, with each cycle consisting of three steps, denaturation (45 s at 95°C), primer annealing (45 s at 95°C), and extension (45 s at 72°C).
RESULTS

Conserved tandem head-to-tail subtelomeric repeats in
Leishmania infantum are expressed in a stage-specific manner. In order to identify genes and DNA sequences that are regulated during the life cycle of L. infantum, a genomic DNA library of this parasite was constructed and screened with radiolabeled cDNA that was synthesized from total RNA of promastigote or amastigote origin. Several cosmid clones were discovered to produce a stronger hybridization signal when they were probed with amastigote cDNA than when they were probed with promastigote cDNA. One of these clones, designated D6-46, was arbitrarily chosen for further analyses. In Southern blot analyses, the D6-46 DNA was digested with SacII and hybridized with either the amastigote or promastigote cDNA probe, which revealed a band of ϳ270 bp with specificity only to the amastigote cDNA probe (Fig. 1A) . The 270-bp SacII DNA fragment was cloned and used as a probe in Northern blot hybridizations of total RNA isolated from both promastigotes and amastigotes. A smear of RNA fragments with lengths ranging from approximately 300 nt to approximately 600 nt in which there are two major transcripts of ϳ300 and ϳ600 nucleotides was detected by Northern blot hybridization only in the amastigote RNA derived either from L. infantum axenic cultures (Fig. 1B) or from L. donovani LV39 amastigotes which were isolated from the spleens of infected golden Syrian hamsters (Fig. 1C) . A time course of amastigote growth under axenic conditions demonstrated that an increased expression of these RNAs is typically observable from day 7 onward, which corresponds to at least 15 amastigote cell divisions, and the accumulation of these RNAs increases significantly by day 8 (Fig. 1D, top blot) . Expression of these RNAs has been detected as early as day 5 of axenic amastigote culture (see Fig. S1A in the supplemental material). In addition, flow cytometry analyses of parasites that had been stained with propidium iodide indicated that the majority of the axenic amastigotes after 4 and 7 days of culture were still viable (see Fig. S1B in the supplemental material). Late expression of these small RNAs was not due to a delay in parasite differentiation, as the amastin amastigote-specific gene that was used here as a control was already expressed at day 5 ( Fig. 1D , middle blot). These data suggest that the 270-bp D6-46-derived sequence is expressed specifically in the intracellular form of the parasite after several rounds of amastigote division.
DNA sequencing of the 270-bp SacII genomic fragment and comparison to the existing Leishmania databases revealed that it was nearly identical to the previously reported 272-bp and 274-bp subtelomeric repeats of L. major Friedlin and L. major LV39 present predominantly on chromosomes 1 and 22 and in substantially lower numbers on chromosome 5 (18, 66) . The L. infantum genome contains a much higher number of these repeats (ϳ162) which have 85 to 100% sequence identity with the 270-bp SacII fragment and are mainly found on chromosomes 1, 19, and 22 (http://www.genedb.org/genedb/linfantum/). As shown in Fig. 2A , there are 10 tandem repeats on chromosome 1, 38 tandem repeats on chromosome 19, and ϳ113 repeats on chromosome 22, and these tandem repeats are all organized in a head-to-tail manner. On chromosomes 1 and 19, these repeats are subtelomeric. However, on chromosome 22, these repeats are organized in several clusters within the same polycistronic unit that spans a ϳ133-kb region that ends at ϳ11 kb from the right telomere ( Fig. 2A ). These clusters are interrupted by genomic sequences which are for the most part noncoding. The developmentally regulated 270-bp repeats that we have identified as part of the cosmid D6-46 are located on chromosome 22 and correspond to the first cluster of 12 repeats ( Fig. 2A) . As shown in experiments where chromosomes were separated by pulsed-field gel electrophoresis, blotted, and hybridized to the 270-bp repeat probe, sequences homologous to these repeats are found in several other Leishmania strains or species and seem to have a relatively similar chromosomal organization (Fig. 2B ). Although these repeats are present in L. major, it is not known whether they are expressed, as no hybridization signal was detected in Northern blots of L. major total RNA that had been isolated from the footpad lesions of infected mice and hybridized with the 270-bp SacII fragment (data not shown). Interestingly, L. tarentolae, which is a nonpathogenic species, does not contain these expressed repetitive sequences, as no hybridization signal was detected, even under less stringent hybridization conditions ( Fig. 2B and data not shown). This is the first time that repetitive sequences found close to the chromosomal ends are reported to be expressed in a stagespecific manner. These repeats are likely to be noncoding, as suggested by several algorithms (26) and by BLAST analyses of the L. major and L. infantum genome databases (http://www .genedb.org). Moreover, no putative initiation methionine codons that would result in expressed sequence conforming to the sizes of the ϳ300-to 600-nt RNA species (Fig. 1) were found. Due to their specific expression in the amastigote stage of L. infantum, we refer to these RNAs as stage-specific noncoding RNAs (ss ncRNAs) henceforth.
The stage-specific ncRNA genes are transcribed by RNA Pol II. Noncoding RNAs which have been characterized in trypanosomatids utilize one of three RNA polymerases for their transcription (reviewed in reference 8). The rRNA genes are transcribed by RNA polymerase (Pol) I, and transcription of the 5S rRNA and the tRNAs occurs with RNA polymerase III (44, 77) . In contrast, transcription of the protein-coding genes, snoRNAs and the spliced leader RNA is performed by RNA polymerase II (19, 76) . To determine which of the three RNA polymerases is responsible for the transcription of the ss ncRNA genes, nuclear run-on experiments were undertaken with L. infantum promastigotes which had been incubated with 0, 20, 50, and 200 g/ml of ␣-amanitin. The ␣-amanitin drug inhibits the activity of RNA polymerase II (reviewed in reference 8). Nuclear run-on analyses suggest that the ss ncRNA genes are transcribed by RNA polymerase II (Fig. 3A and B) , as their transcription was greatly inhibited in the presence of 200 g/ml ␣-amanitin, similar to the ␣-tubulin-RNA Pol IItranscribed gene. Moreover, the hybridization signals of the 18S rRNA and 5S rRNA controls with respect to the different drug concentrations in the nuclear run-on assays are consistent with these two genes being transcribed by RNA Pol I and III, respectively ( Fig. 3A and B) .
Stage-specific accumulation of the L. infantum ncRNAs is likely to be the result of an increase in RNA stability. Expression of the ss ncRNAs has been demonstrated here to occur in intracellular L. infantum and L. donovani amastigotes but not in extracellular promastigotes (Fig. 1) . As reported for several stage-specific transcripts in Leishmania, regulation takes place at the level of mRNA stability and/or translation (3, 7, 10, 75) . Because the ss ncRNAs are not translated to a protein, their stage-specific regulation should occur at the level of RNA stability. It is possible that the ss ncRNA repeats are transcribed at levels in amastigotes that are similar to the levels in promastigotes but are highly unstable in promastigotes. To test this possibility, nuclear run-on experiments were undertaken using fresh nuclei isolated from both life stages of L. infantum. No differences in the density of RNA polymerase were indeed observed between promastigotes and amastigotes (Fig. 3C) , suggesting that regulation of the ss ncRNAs occurs at the level of RNA stability. To further prove this, we looked at the half-life of the ss ncRNAs following treatment of amastigotes with 10 g/ml of actinomycin D, which stalls transcription, hence facilitating the measurement of RNA decay. The ss ncRNAs were found to be very stable in amastigotes, with a half-life exceeding 5 h, which is far longer than that of the amastin amastigote-specific transcript (Fig. 4) . ]dUTP-labeled RNA transcripts were obtained from nuclei of L. infantum left untreated or treated with ␣-amanitin and were hybridized with sequences (5 g each) representing the ss ncRNA genomic repeat (ϳ270 bp), ␣-tubulin, and 18S and 5S rRNA genes which had been blotted onto a nylon membrane. The ␣-tubulin gene is known to be transcribed by RNA Pol II, the 18S rRNA is transcribed by RNA Pol I, and the 5S rRNA is transcribed by RNA Pol III (19, 76) . (B) Quantitation by phosphorimaging of the hybridization signals from the nuclear run-on experiments in panel A. The relative activity for each gene was determined by using the value of the hybridizing band in the sample that had not been treated with ␣-amanitin as a basis for comparison. Values are expressed as a percentage. (C) Nuclear run-on studies with L. infantum promastigotes (p) or amastigotes (a) were done to determine whether there is any change in the transcription of the ss ncRNA genes in both stages of the parasite. Nascent [ 32 P]UTP-labeled RNA transcripts from nuclei were hybridized to the ss ncRNA gene probe and to the ␣-tubulin gene which had been blotted onto a membrane. The ␣-tubulin gene is constitutively expressed in Leishmania. In this experiment, the hybridization signals for the ␣-tubulin gene were the same for promastigotes and amastigotes, suggesting that equivalent amounts of nuclear extracts had been used. In the experiments performed in panels A and C, use of the empty vector as a negative control resulted in little or no signal (not shown).
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The stage-specific Leishmania ncRNAs are processed by trans splicing and polyadenylation. In Leishmania, mature mRNAs are generated by processing of the polycistronic precursors, which involves a trans splicing reaction in which a capped spliced leader of 39 to 41 nt is added to the 5Ј end of each mRNA followed by polyadenylation of the 3Ј ends of the RNAs (reviewed in reference 33). It is not yet known whether the ss ncRNAs are synthesized from discrete transcription units, but given their chromosomal organization in multiple tandem repeats ( Fig. 2A) , these RNAs are likely to be trans spliced to generate the smaller RNA species seen in Northern blot hybridizations ( Fig. 1 and 4) . To determine the splicing sites and map the 3Ј ends of the ss ncRNAs, total RNA from L. infantum amastigotes was reverse transcribed and the cDNA from the first cDNA strand synthesis was used in PCRs to amplify the 5Ј and 3Ј ends of the ss ncRNAs (see Materials and Methods). Cloning and sequencing of PCR amplification products revealed that the 39-nt miniexon sequence had been added predominantly at the first AG splice acceptor site (Fig.  5) . Within the 270-bp repeat, there are two putative splice acceptor sites flanked by upstream polypyrimidine tracts that could be used for accurate trans splicing (Fig. 5A) . The addition of the miniexon to the second splice acceptor site has also been observed in a few of the cDNA clones sequenced (clone 3 in Fig. 5B and data not shown), indicating that all putative splice acceptor sites can be used. Surprisingly, for noncoding RNAs, all cDNA clones were found to be polyadenylated. Polyadenylation occurred in all cases at the same position, an adenosine 18 nucleotides downstream of the first AG splice acceptor site from the start of the repeat (Fig. 5B) . There is no consensus polyadenylation signal in trypanosomatids such as the 5Ј-AATAAA-3Ј sequence in higher eukaryotes (6) . Instead, polyadenylation occurs within a short region 100 to 400 nt upstream of the next polypyrimidine trans splice signal (32, 37, 58, 71) , and polypyrimidine tracts seem to play a major role in the coupling of these processes (25, 37) . Sequence comparison between the five cDNA clones (clones 1 to 5 in Fig. 5B ) indicated the presence of three types of polyadenylated transcripts of ϳ330 nt, ϳ360 nt, and ϳ630 nt, which is consistent with the smear of RNA fragments ranging from ϳ300 to 600 nt seen in Northern blot hybridizations ( Fig. 1 and 4) . However, we cannot exclude the possibility that nonpolyadenylated forms of the ss ncRNAs exist, as the first cDNA strand for these studies was synthesized using an oligo(dT) primer. Among the cDNA clones analyzed, three (clones 1 to 3 in Fig.  5B ) contain approximately two copies of the 270-bp repeat and two carry one tandem repeat (Fig. 5B, clones 4 and 5) .
The stage-specific ncRNAs are localized in the cytosol. To gain better insight into the function of the ss ncRNAs, we first looked at their subcellular localization. This was achieved by using fluorescence in situ hybridization analyses with axenically cultured amastigotes that had undergone differentiation for ϳ7 days (Fig. 6 ). In the FISH experiments, the antisense strand of the ss ncRNA was labeled with Alexa Fluor 488-5-UTP to detect the sense transcripts (Fig. 6) . A discrete signal was detected in the majority of the amastigote cells (Fig. 6 , left panel). For a control, the sense orientation of the ss ncRNA that should detect antisense transcripts was labeled with Alexa Fluor 488 and used in FISH. To our surprise, a similar signal localization was obtained with the sense probe as well (Fig. 6 , right panel), indicating that antisense ss ncRNAs are also expressed in amastigote cells. Amastigotes were hybridized with labeled sense or antisense ss ncRNA transcripts and then counterstained with 4Ј,6Ј-diamidino-2-phenylindole to determine where the ss ncRNAs are localized with respect to the nucleus (pale blue) and the kinetoplast (intense blue) (Fig. 6) . Merging the signals revealed that both orientations of ncRNAs localized as one to three discrete spots in the cytosol of amastigote cells (Fig. 6 ). This experiment was repeated several times in order to confirm the location of the ss ncRNAs and the number of spots detected per cell due to the difficulty in obtaining single cells for axenically cultured amastigotes (data not shown). In the majority of the cells analyzed, sense and antisense ss ncRNAs consistently localized as one discrete spot in the cytosol; however, two or three spots were observed in a few cases only (Fig. 6) . In the FISH studies undertaken here, the signal observed for the ss ncRNAs in the amastigotes was not due to the labeled probes binding to their cDNA strand in the genome, because no signal was detected with promastigotes in multiple experiments (data not shown). For this same reason, we are able to exclude the possibility that the signals for the ss ncRNAs correspond to the subtelomeres carrying the ss ncRNA repeats that congregate at the nuclear boundary, as has been seen in the different life cycle stages of Plasmodium falciparum (15, 17) . Moreover, no signal in the nucleus was observed (Fig. 6) . Control FISH experiments without a probe did not produce any specific signals (data not shown).
The stage-specific ncRNAs are expressed in sense and antisense orientations of transcription. Data from the FISH analyses above indicate that both orientations of the ss ncRNAs are expressed in Leishmania amastigotes. This was an intriguing result, and additional experiments were undertaken to determine the levels of expression of sense and antisense ncRNAs in the amastigote stage. The presence of sense and antisense ss ncRNAs are indeed present as determined by Northern blot hybridizations with end-labeled oligonucleotide FIG. 4 . An increased stability of the stage-specific noncoding RNAs is responsible for their specific accumulation in Leishmania amastigotes. Total RNA was obtained from axenically cultured amastigotes prior to the addition of actinomycin D and at 1, 3, and 5 h after their exposure to this inhibitor of transcription. These RNA samples were Northern blotted and hybridized to a DNA probe corresponding to the ss ncRNA repeat (ϳ270 bp), the amastigote-specific amastin gene, and 18S rRNA gene. RNA loading was monitored by ethidium bromide staining of the agarose gels prior to Northern blotting. probes that would detect either the sense or antisense transcript of the ss ncRNA gene (Fig. 7A) . Promastigotes show no hybridization signal for probes detecting transcripts pertaining to either orientation of the ss ncRNA gene, which is consistent with what was observed when using the double-stranded DNA probe for this gene (Fig. 7A ). Sense and antisense transcripts were detected only in the amastigote life cycle stage. The amastigote-specific hybridization signals for both the sense and antisense ss ncRNA probes revealed a smear of fragments with lengths ranging from 300 to 600 nt (Fig. 7A) , which indicates FIG. 6 . The amastigote-specific noncoding RNAs are localized at discrete positions within the cytosol. L. infantum amastigotes that had been grown under axenic conditions for more than 6 days were used for fluorescence in situ hybridization analyses to determine the cellular localization of the ss ncRNAs. Differential interference contrast (DIC) microscopy was used to visualize individual amastigote cells that were used for FISH experiments. Nuclei and kinetoplast DNA were counterstained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI), which fluoresces blue. Sense and antisense ss ncRNAs were synthesized by in vitro transcription and labeled with Alexa Fluor 488-5-UTP, a green fluorescing compound, before their hybridization to the amastigotes. The DAPI and Alexa Fluor 488-5-UTP images were merged to determine the subcellular localization of the ss ncRNAs. (Fig. 7B) . Preliminary results from cDNA sequencing indicate that the sizes of the antisense transcripts are similar to those of the sense transcripts (data not shown). To investigate whether the underrepresentation of the antisense ss ncRNAs is subjected to a tight regulation in amastigotes, we overexpressed the sense and antisense ncRNAs as part of the pSP␣NEO␣ episomal vector in L. infantum amastigotes (Fig. 7C) . As shown by Northern blot hybridizations with total RNA isolated from the above recombinant Leishmania, overexpression of the sense ss ncRNAs in amastigotes resulted in higher levels of transcript compared to the levels in wild-type parasites (Fig. 7D) . However, overexpression of the antisense ss ncRNA construct did not alter the levels of the endogenous ss ncRNAs (Fig. 7D ). These data are in agreement with the real-time RT-PCR results (Fig. 7B) and suggest that the expression of the antisense ss ncRNAs in L. infantum amastigotes is tightly regulated and that antisense transcript has to be present at a level lower than that of the sense transcript. Although the ss ncRNAs are transcribed similarly in promastigotes and amastigotes (Fig. 3C ), these RNAs do not accumulate in promastigotes (Fig. 1) . Interestingly, the overexpression of either the sense or antisense ncRNAs in L. infantum promastigotes did not increase transcript accumulation, despite the fact that the neomycin phosphotransferase gene on the same vector was indeed expressed (Fig. 7D) , suggesting that ss ncRNAs may be rapidly degraded in this stage of the parasite. The lower hybridization signal with the NEO mRNA in promastigotes is not due to less RNA loading (Fig. 7D) . The lower hybridization signal with the NEO probe in promastigotes suggests that the promastigotes have a lower copy number of the NEO-containing vector potentially due to the toxicity of the ss ncRNA to this parasite life stage. Longer exposures of the Northern blots did not reveal ss ncRNA expression in promastigotes (data not shown). These data further emphasize the exclusive expression of the ncRNAs in Leishmania amastigotes and the important role that these RNAs may play in the intracellular development of the parasite. Polyadenylated sense and antisense ss ncRNAs form a RNP complex. Noncoding RNAs, such as SL RNA, snoRNAs, and BC1 RNA, can form a ribonucleoprotein (RNP) complex with splicing factors or RNA-modifying enzymes and/or translation initiation factors, respectively (41, 72, 74) . Hence, a preliminary investigation was undertaken to determine whether the ss ncRNAs could be part of a ribonucleoprotein complex by subjecting amastigote extracts to S150 centrifugation (41) and fractionation over a 10 to 30% sucrose gradient. Hybridization of total RNA isolated from each fraction with a probe recog- FIG. 7 . The antisense stage-specific noncoding RNAs are expressed at levels significantly lower than those of the sense ss ncRNAs. (A) Northern blot hybridization of L. infantum total RNA with end-labeled oligonucleotide probes specific for the sense and antisense transcripts of the ss ncRNA gene. Total RNA from promastigotes (p) and amastigotes (a) was used. Amastigote-specific transcripts are expressed for both orientations of the ss ncRNA gene. Double-stranded DNA (ds DNA) of the cloned ss ncRNA gene was used as a probe, and it was used as a positive control. RNA loading was checked by ethidium bromide staining of the agarose gels prior to Northern blotting. oligo, oligonucleotide. (B) Real-time RT-PCR was undertaken with total RNA isolated from amastigotes to semiquantitatively measure the levels of the antisense ncRNAs and to determine the ratio of sense/antisense transcripts. Real-time RT-PCR cycle threshold values revealed that the levels of antisense ss ncRNAs are more than 10-fold lower than those of sense ss ncRNAs. (C) Both orientations of the ss ncRNAs were cloned into the expression vector pSP72-␣IRNEO␣IR (see Materials and Methods), transfected into L. infantum, and grown as axenic amastigotes. Parasites containing the construct with the ss ncRNA cloned in the sense or antisense orientation are numbered 1 and 2, respectively. (D) Total RNA was obtained from L. infantum promastigotes and amastigotes and Northern blotted onto the same membrane. The identical membrane was hybridized to DNA probes corresponding to the ss ncRNA repeat and the neomycin phosphotransferase gene (NEO). RNA loading was monitored by ethidium bromide staining of the agarose gels prior to Northern blotting to visualize rRNA. WT, wild type. 1 and 2 are as in panel C. nizing the ncRNA 270-bp repeat revealed that these RNAs are present mainly in fractions 12 to 18 (Fig. 8A, top panel) . Northern blot hybridizations with the U2 snRNA gene probe which has been previously reported to complex to proteins involved in RNA splicing and have known S150 extract sedimentation coefficients between 4S to 11S (41) indicated that the ss ncRNAs could form RNA-protein complexes with sizes similar to that of the RNP splicing complex (Fig. 8A, middle  panel) . The ss ncRNAs in the above fractions are associated with proteins, as proteinase K treatment of the S150 extracts abolished the formation of these complexes (Fig. 8A, lower  panel) . However, the ss ncRNAs have a cytoplasmic localization (Fig. 6 ), which excludes them as having a role in trans splicing and suggests that these ncRNAs probably form a distinct RNP complex. The Northern blot hybridization experiments in Fig. 8A were undertaken with a probe that was not capable of distinguishing the sense ss ncRNAs from antisense ss ncRNAs. In order to determine whether both orientations of the ss ncRNA could form RNP complexes, semiquantitative real-time RT-PCR was utilized with independent sources of RNA that had been fractionated in the same manner as described above. The sense and antisense ncRNAs were detected in fractions 10 to 18 at levels ϳ40-fold higher than those detected in the other fractions of the gradient (Fig. 8B) , which is consistent with the Northern blot hybridization results (Fig. 8A) . These data suggest that both the sense and antisense ss ncRNAs are likely to be found within the same RNP complex. The levels of the antisense transcripts in fractions 10 to 18 are approximately 10-fold lower than the levels of the sense ss ncRNAs (Fig. 8B) , which is consistent with the real-time RT-PCR results obtained for both orientations when unfractionated total RNA was used (Fig. 7B) .
The possibility that nonpolyadenylated ss ncRNAs are present in RNP complexes cannot be excluded at this time. However, it is very difficult to experimentally identify these nonpolyadenylated transcripts. Nevertheless, at the very least, it was possible to determine whether polyadenylated forms of the sense and antisense RNAs are present in the S150 fractions by sequencing cloned RT-PCR products from these S150 fractions. Polyadenylated sense and antisense ss ncRNAs were identified (Fig. 8C) . The polyadenylated sense ss ncRNA transcripts corresponded to sequence already shown in Fig. 5 and for this reason are not shown with the polyadenylated antisense cDNAs in Fig. 8C .
DISCUSSION
Here, we have presented data on the characterization of a novel class of developmentally regulated noncoding RNAs that seem to be unique to Leishmania. We show that these ncRNAs have several interesting properties, including RNA Pol II transcription from subtelomeric tandem repeats, 3Ј-end processing by polyadenylation for sense and antisense strands, expression of sense and antisense transcripts in a tightly regulated manner, discrete cytosolic localization, and potential association with a small RNP complex. This is the first report of developmentally regulated noncoding RNAs in protozoan parasites.
Parasites of the L. donovani complex express a novel class of noncoding RNAs specifically in the intracellular life cycle stage. The investigations undertaken here have resulted in the identification of a novel class of noncoding RNAs that are expressed specifically in the amastigote life cycle stage of L. infantum and L. donovani (Fig. 1) . Expression of these ss ncRNAs occurs as early as day 5 and increases thereafter in axenic amastigote cultures, which typically contain only a small population of dead parasites (see Fig. S1 in the supplemental material). Moreover, the ss ncRNAs were expressed in amastigotes that had been grown in hamsters (Fig. 1C) , which suggests that these ss ncRNAs are not likely to appear at the onset of apoptosis. These ncRNAs seem to be unique to Leishmania, and although they are present in different species, they seem to be mainly expressed by the L. donovani complex. No expression of these ncRNAs has been seen in L. major, at least under our experimental conditions, which leads us to hypothesize that these RNAs are expressed mainly by the L. donovani complex. Interestingly, only amastigotes that have undergone several rounds of cell divisions express these ncRNAs (Fig.  1D) , which suggests that ss ncRNAs are not required for parasite differentiation but are likely to be important for the intracellular development of the parasite. Specific accumulation of these ncRNAs in Leishmania amastigotes is due to increased stability, whereas a rapid degradation of these RNAs is likely to occur in promastigotes (Fig. 4 and 7D) . The latter is better illustrated by the fact that even episomal overexpression of the ss ncRNAs in L. infantum promastigotes failed to yield any transcript accumulation (Fig. 7D) . It is even possible that these noncoding RNAs may be toxic in the promastigote life cycle stage.
At the completion of the genome sequencing project for L. major Friedlin, 911 RNA genes have been identified, and these RNA genes fall into the categories of tRNAs, rRNAs, SL RNAs, snRNAs, snoRNAs, and signal recognition particle RNAs (26) . To the best of our knowledge, none of these RNA genes has been reported to be regulated in a stage-specific manner. On the basis of this stage-specific expression alone, the ss ncRNAs represent a new class of RNA genes in Leishmania. We investigated whether these RNAs have any sequence identity with other reported eukaryotic and prokaryotic noncoding RNAs. This led us to screen the RNAdb database (http://research.imb.uq.edu.au/RNAdb) (47) that contains approximately 20,000 noncoding RNAs of which there are more than 1,100 putative antisense RNAs. Currently, the ss ncRNAs show no identity to any reported noncoding RNAs are present in the S150 fractions. The cDNA clones of these polyadenylated antisense transcripts fell into two groups on the basis of their size like their sense counterparts. For this reason, the representatives of the two groups (AS1 and AS2) are shown aligned. Underlined sequence represents the internal ss ncRNA-specific primer that was used with an oligo(dT) primer to obtain the RT-PCR products from the S150 fractions. Numbers on the right represent the numbers of nucleotides. The poly(A) tail is denoted by a series of A nucleotides followed by the symbol x(Ͼ20). Matching nucleotides are shown in uppercase. A nucleotide insertion is represented by a dot. and hence, represent a novel class of noncoding RNAs in eukaryotes and prokaryotes. Noncoding RNAs are a major class of RNAs that vary in size from a few nucleotides to several thousand nucleotides and have been identified and characterized both in prokaryotes and eukaryotes (reviewed in reference 63). The ncRNAs other than tRNAs, rRNAs, and spliceosomal RNAs participate in a variety of cellular functions, including transcription, RNA processing or stability, RNA modification, RNA interference (RNAi), mRNA translation, imprinting, DNA methylation, and X-chromosome dosage compensation (reviewed in references 13 and 39). Several of these ncRNAs in humans have links to a number of diseases (reviewed in reference 39).
The stage-specific ncRNAs are transcribed by RNA polymerase II and processed by trans splicing and polyadenylation. Similar to other small ncRNA genes in trypanosomatids (12, 45, 52, 53) , the ss ncRNA genes in L. infantum are organized in clusters of tandem head-to-tail repeats on chromosomes 1, 19, and 22, which are mainly subtelomeric ( Fig. 2A and data not shown) (18, 66) . The ss ncRNA genes are transcribed by RNA polymerase II (Fig. 3) , as is the case for other trypanosomatid small ncRNA genes, such as the SL RNA (19) and snoRNAs (76) . Given that the majority of small ncRNAs in plants (31) , Saccharomyces cerevisiae (35) and trypanosomatids (reviewed in reference 8) are transcribed from independent promoters, it is possible that this could be the case for the ss ncRNAs. However, this remains to be demonstrated.
The stage-specific ncRNAs exist as a population of stable RNAs that are heterogeneous in size (300 to 600 nt), and in this mixed RNA population, there are at least two predominant sizes for the polyadenylated sense and antisense transcripts (Fig. 1, 4 , 5, 7, and 8). This size heterogeneity can be explained by the variable number of repeats (one to three), splice acceptor sites, and levels of polyadenylation that can be found within these ss ncRNAs (Fig. 5) . Remarkably, the ss ncRNAs can be polyadenylated ( Fig. 5 and 8 ) in contrast to other small RNAs, which usually utilize polyadenylation-independent pathways. In the case of snRNAs and snoRNAs, cleavage must be uncoupled from polyadenylation (14, 43, 62) to produce entry sites for 3Ј-5Ј trimming performed by the exosome (2, 70) and to allow correct 3Ј-end maturation. The 3Ј-maturation pathways of most kinetoplastid small RNAs are not well defined, and it is yet not known whether they involve the concerted action of the endonucleolytic and/or exosome function (23). It is not yet understood why the ss ncRNAs are polyadenylated. We have previously reported that the noncoding SL RNA can be polyadenylated specifically in Leishmania amastigotes (29) . This type of regulation may be related to the adenylation and deadenylation control that takes place in the maturation of several snRNAs and 7SL RNA (50) . The spliced leader addition at the 5Ј end of the ss ncRNAs may facilitate polyadenylation, as it has been reported that trans splicing and polyadenylation are possibly coupled in trypanosomatids (32, 37, 71) . It is generally assumed that polyadenylation stabilizes the 3Ј end of the mRNA (4), facilitates transport of the mRNA to the cytoplasm (24) , and increases the efficiency of translation initiation (67) . The RNA stability data (Fig. 4) and the cytosolic localization of these RNAs (Fig. 6 ) appear to be consistent with these hypotheses.
The stage-specific ncRNAs are expressed in both the sense and antisense orientations. As shown by FISH and real-time PCR studies, both the sense and antisense ss ncRNAs are expressed in L. infantum amastigotes (Fig. 6 and 7) . These findings add further insights into the biology of antisense RNA transcripts. Work undertaken with episomally expressed DNA by Curotto de Lafaille et al. provided early insights into sense and antisense transcription in Leishmania enriettii (11) . Endogenously expressed antisense RNAs are known to exist in Leishmania (5, 27, 42) . At the chromosomal level, strandspecific nuclear run-on assays showed that a low level of nonspecific antisense transcription probably takes place over the entire chromosome 1 of L. major Friedlin (36) . However, an approximately 10-fold-higher level of coding strand-specific RNA polymerase II-mediated transcription initiates within the strand switch region (36) . Moreover, investigations performed on the histone His-1.2 gene by Belli et al. showed that the complementary strand of DNA also contains sequences that could drive expression of open reading frames from the antisense strand of DNA (5) . Nevertheless, the reasons for the existence of these antisense transcripts are puzzling in the absence of any RNAi machinery in Leishmania (54) . The lack of RNAi in this parasite could possibly be explained by its tolerance to the presence of natural levels of double-stranded RNA due to some background transcription of the noncoding strand (36) . In the absence of RNAi in Leishmania, it is very unlikely that the antisense ss ncRNAs could silence the sense transcripts through RNA degradation after base pairing. Moreover, the investigations undertaken here revealed that overexpressed antisense transcripts had no effect on the accumulation of the sense transcripts (Fig. 7D and data not shown) .
The results presented in this study indicate that the antisense ss ncRNAs are at least 10-fold less abundant than the sense transcripts and that both orientations are expressed simultaneously in amastigotes and appear to form protein complexes that localize at similar subcellular positions (Fig. 6, 7 , and 8). The levels of antisense ss ncRNAs in Leishmania amastigotes are tightly regulated and have to remain low, as overexpression of these RNAs did not change overall transcript accumulation, whereas the overexpression of the sense transcripts did (Fig. 7D) . On the basis of these findings, it is conceivable that the antisense ss ncRNAs may act either to buffer against the sense RNA levels, for example, by competing for binding to similar factors or to base pair the sense RNA, hence changing, for example, the secondary structure of the latter and rendering it ineffective for complexing to its effector proteins. With the exception of small interfering RNAs (34) , only a limited number of chromosomal cis-encoded antisense RNAs in eukaryotic cells have been shown to exert a regulatory effect on the cis-encoded mRNA by base pairing interactions (reviewed in reference 63). Many examples from bacteria for mechanisms that base pair the sense with antisense RNAs to regulate the function of the former are emerging (reviewed in reference 63). In E. coli, base pairing between the sense and antisense small RNAs has a requirement for the Hfq chaperone protein, a homolog of the Sm-like proteins (reviewed in reference 63) which are found in many eukaryotes and are also present in trypanosomatids (20, 46) . Interestingly, sequence analysis of the sense ss ncRNAs revealed the presence of three putative U-rich Sm-like binding sites (data not shown). Exper-iments to characterize the RNA-protein interactions involving sense and antisense ss ncRNAs are planned.
Both the polyadenylated sense and antisense ss ncRNAs can form a RNP complex. Our preliminary data suggest that the ss ncRNAs are part of a small ribonucleoprotein complex that has a sedimentation coefficient similar to that of the U2 RNP complex (Fig. 8A) (41) . Interestingly, both sense and antisense ncRNAs are found within the same S150 fractions and at the same ϳ10/1 ratio as observed in total RNA (Fig. 7 and 8 ), suggesting that they may interact with the same RNP complex. The results of FISH studies are consistent with this possibility, as the sense and antisense ss ncRNAs localize at the same positions within the amastigote cell (Fig. 6) .
So far, only protein-coding stage-specific genes have been identified in Leishmania (9, 55, 75) . Regulation of these transcripts is mediated by sequences in the 3Ј untranslated region and is often controlled at the level of translation initiation (7, 16, 30, 40, 79) . The possibility that developmentally regulated noncoding RNAs in Leishmania could influence the synthesis of specific proteins, as is the case in several eukaryotes but also in bacteria, is very intriguing. Interestingly, preliminary data from polysome profiling studies indicated that both the sense and antisense ncRNAs are associated with the small 40S ribosomal subunit, which suggests a role for these RNAs in the regulation of gene expression mainly at the level of translation (data not shown). Experiments are now under way to study the putative regulatory roles of these ncRNAs. Further studies characterizing the molecular interactions of these stage-specific noncoding Leishmania RNAs with proteins or other RNA molecules should provide new insights into the molecular mechanisms that control stage-specific gene regulation in protozoan parasites.
